Diurnal photosynthesis responses of cassava cultivar Rayong 9 ('RY9') three months after planting, grown in a field conditions under irrigated and rainfed conditions, were evaluated during the rainy, cool, and hot seasons. Under the mild conditions of the rainy and cool seasons, net photosynthetic rates (PN) increased in parallel with light intensity and attained the maximum at 13.00 or 11.00 h. In the hot season, PN attained the prominent peak at 9.00 h, after which stomatal conductance decreased rapidly coordinated with declining PN and nonphotochemical quenching was enhanced. Photosynthetically active radiation was the major factor influencing PN in the rainy and cool seasons, whereas vapor pressure deficit was the major factor in the hot season. 'RY9' adapted extremely well in this climate because the maximal quantum yield of PSII photochemistry recovered fully in the evening even under the rainfed conditions in the hot season.
Introduction
Global change effects on climate are likely to produce warmer and drier conditions and more frequent and stronger droughts including the tropical regions of Asia. Water limitation considered as the main factor, either alone or combined with other unfavorable conditions, seriously limits agricultural productivity around the world (IPCC 2001 , Chaves and Oliveira 2004 , Murchie et al. 2008 , Flexas et al. 2009 ). Photosynthesis as the primary process by which plants use light energy to drive the synthesis of organic compounds, is pivotal for crop growth and productivity. Water stresses of varying severity and duration can reduce photosynthetic carbon assimilation (Vitolo et al. 2012, Bertolli and Souza 2013) . The survival of a plant in drought environment depends largely upon its ability to photosynthesize with an adequate rate in order to grow faster than its competitors and to maintain positive water balance (Wuenscher and Kozlowski 1971) .
The photosynthetic capacity of leaves depends on the characteristics and amounts of the components of the photosynthetic machinery, the production of which depends on the availability of water, light, temperature, nutrients, etc. (El-Sharkawy 2012) . Under natural field conditions, the assimilatory apparatus is exposed to variable intensities of light, temperature, and humidity that may result in a typical midday depression of CO 2 assimilation or photoinhibition (Hirasawa and Hsiao 1999) . The midday depression of photosynthesis, a common phenomenon for many C3 and C4 plants, is exacerbated under the conditions of water limitation as well as heat stress (Huang et al. 2006) . In general, drought stress negatively impacted leaf gas exchange and stomatal conductance (gs) decreased more than other physiological traits of C3 plants including cassava. The decrease in gs mainly reduced the transpiration rate (E), and the reduction in gs could explain 55% of the decrease in the photosynthetic rate and 74% of the decline in E (Weiming et al. 2016) . Cassava leaves open stomata in the morning when the vapor pressure deficit (VPD) is lower than 2 kPa (El-Sharkawy and Cock 1984) . During the day with increasing light intensity and VPD (higher than 2 kPa), stomata start narrowing its pores to reduce water loss (De Tafur et al. 1997 , El-Sharkawy 2012 . In addition, leaves of cassava are able to adjust blade angle by 'drooping or folding downward' at midday away from solar radiation to reduce area receiving light, which reduces leaf temperature and water loss Cock 1984, Berg et al. 1986) . Leaf movement of cassava allows tracking sun radiation (heliotropism) when VPD is low (i.e., early morning and late afternoon), while avoiding direct sun radiation (paraheliotropism) when VPD is greatest (i.e., midday), thus enhancing leaf water-use efficiency (CO2 uptake/H2O loss) (El-Sharkawy 2004) . On one hand, solar tracking movement enhances interception of light at low sun angle occurring early morning and late afternoon, thus resulting in higher carbon uptake at a time when VPD is lowest. On the other hand, downward movement of leaves during midday, when VPD is greatest, decreases light interception, hence, lower leaf temperature, and less transpirational water losses, while leaf PN is slightly reduced. These two movements are crucial for optimizing leaf water-use efficiency in cassava (El-Sharkawy 2007) . Photosynthetic performance which varies during the day due to the variability of light intensity can be used to describe the whole plant response (Huner et al. 1998) . Diurnal light intensity varies in different seasons due to changes in sun angle and cloud cover in addition to shading from overlapping leaves and neighboring plants. Therefore, leaves are subjected to spatial and temporal gradients in incident light, which has major consequences for photosynthetic carbon assimilation (Pearcy 1990 , Chazdon and Pearcy 1991 , Pearcy and Way 2012 . Under natural environmental conditions, the random duration and intensity of fluctuating light from passing clouds or leaf movements (sun flecks and shade flecks) result in incident light intensities below light saturation, thus reducing photosynthetic rates. On the contrary, those intensities greater than light saturation lead to excess excitation energy that can result in short potential stress periods and long-term damage to leaf photosynthesis (Baker 2008) .
During photosynthesis, ∼5% of absorbed light energy by PSII is reemitted as chlorophyll fluorescence (ChlF). The measurement of ChlF by pulse-amplitude modulated (PAM) fluorometry associated with PSII is widely used as noninvasive and rapid method to monitor the functional state of photosynthetic machinery in organisms (Rosenqvist and van Kooten 2003) . Fluorescence emissions in photosynthetic organisms can be correlated to their photosynthetic rates (Logan et al. 2007 , Durako 2012 . The responses of vegetation to stresses observed by ChlF, which can be applied rapidly and in a nondestructive manner, gives insight into the ability of plants to tolerate environmental stresses and the extent to which these stresses may have in inhibiting or damaging the photosynthetic apparatus in plants (Logan et al. 2007 , Baker 2008 .
Photosynthetic performance of a single leaf can abruptly change during the day depending on the fluctuation in environmental factors, particularly the light intensity (Vitolo et al. 2012) . Photosynthetic capacity depends on both the efficiency of light-dependent and net CO2 fixation reactions (Parry et al. 2011) . The efficiency of light-dependent reaction is largely indicated by the measurement of effective quantum yield of PSII photochemistry (ФPSII) which determines relative electron transport rate (ETR) (Li et al. 2015) . Net CO2 fixation rate (PN) depends on stomatal and nonstomatal factors which are in turn controlled by external environmental factors and biochemical characteristics of plant cells (Saibo et al. 2009 ). Diurnal variation in ФPSII is largely controlled by light intensity being lowered with increasing PAR as reported by Hazrati et al. (2016) . According to Zha et al. (2017) diurnal variation in ФPSII of a desert plant, Artemisia ordosica, was negatively correlated with PAR, and diurnal regression slopes of ФPSII vs. PAR varied seasonally in response to changes in environmental factors. The regression slopes decreased with increasing stressful conditions, i.e., higher temperature and VPD, and severe water stress. The diurnal and seasonal changes in ФPSII and PN in leaves of Prosopis juliflora subjected to natural environmental stress was investigated during winter and summer by Shirke and Pathre (2003) . Under the mild winter conditions, with cold nights (2-8ºC) and moderate temperatures during the day, the plants showed high Ф PSII and PN. In summer, the midday temperatures often reached nearly < 45ºC and plants showed severe inhibition of photosynthesis (midday depression). The rate of photosynthesis is also determined by characteristics of plants, such as morphology, anatomy, canopy structure, plant age, leaf age and position, stomatal behavior, pigments, and molecular machinery of chloroplast which also varied with environmental conditions (Okogbenin et al. 2010 , Turyagyenda et al. 2013 , Oliveira and Miglioranza 2014 .
Cassava (Manihot esculenta Crantz) is a perennial woody shrub of the Euphorbiaceae family and is considered a staple food of more than a billion people in almost 105 countries (Chetty et al. 2013) . It is the important crop cultivated in almost all areas in the tropical zone and subtropical Africa, Asia, and Latin America (ElSharkawy 2006 , Okogbenin et al. 2013 . It is typically cultivated by families for their own consumption on small plots of land, although in Asia and some regions of Latin America it is also grown commercially and on large fields (Nassar and Ortiz 2010) . In addition to the tuberous roots, the main harvested product, cassava leaves are consumed as a vegetable in at least 60% of the countries in subSaharan Africa, providing an important source of proteins, vitamins, and micronutrients (Lancaster and Brooks 1983, Latif and Muller 2015) . Cassava leaves are also used as a protein supplement for livestock (Ravindra 1993 , Lukuyu et al. 2014 .
Diurnal variation in photosynthesis is generally recognized to reflect the ability of a plant to maintain the photosynthetic apparatus and to respond readily to environmental factors (Geiger and Servaites 1994, Ding et al. 2006) . Therefore, analyzing the photosynthetic status of a plant can provide valuable information for evaluating its adaptive potential for crop yield improvement and for introduction into a new environment (Li et al. 2015) . Information on seasonal variation in diurnal photosynthetic gas exchange and ChlF of cassava in response to changes in environmental conditions during the day has not been adequately addressed. Our interest of this study was to acquire a better understanding of diurnal patterns of leaf photosynthesis and ChlF performance of a commercially important cultivar of cassava ('RY9') as affected by different climatic conditions in rainy, cool, and hot seasons in an experimental field under irrigation and rainfed conditions. Thailand was the second largest producer of cassava, after Nigeria, in 2017 (FAO 2017 , and more than 50% of cassava is being cultivated in drought-prone areas in the northeastern part of the country (Office of Agricultural Economics 2018). Therefore, understanding the behavior of photosynthetic responses of rainfed and well-watered cassava plants in each season can be useful for management of cassava planting and agronomic practice to obtain optimal photosynthetic capacity of cassava. Nevertheless, a wider range of cassava germplasm need to be evaluated in order to assist crop breeding programs in selecting improved cultivars adapted to climate change under specific environment. Weather conditions and soil matric potential: The weather at the study site was recorded by an automatic data logger model Watchdog 2700 (Watchdog, PCE group, PCE Germany, Meschede, Germany) . Data were recorded for relative humidity (RH), temperature, PAR, and rainfall at intervals of 5 min during the entire observation period (Table 1S , supplement). Soil matric potential of both the irrigated and rainfed plots was monitored during the entire study period by using the watermark probe (Watchdog 1645, PCE group, PCE Germany, Meschede, Germany) placed at the depth of 20 cm. The soil suction at 20 cm depth in the irrigated plots was maintained well above -30 kPa below which irrigation was immediately supplied by a mini-overhead sprinkler system (Fig. 1S, supplement) .
Materials and methods
Plants and cultivation practices: Cassava (Manihot esculenta Crantz) cv. RY9 was used in this study. The stem cuttings, 20 cm in length, of cassava were planted in ridges at 1 × 1 m distance in the 5 × 7 m plot under irrigated and rainfed conditions. Cassava was planted on 30 June 2015 (June planting date), 10 November 2015 (November planting date), and 15 December 2015 (December planting date). During the first 30 d after planting, both irrigated and rainfed plots were irrigated (using a mini-overhead sprinkler system) to the level close to the field capacity to enhance good crop establishment. After the first month, irrigation was applied only to the irrigated plots when required, whereas the rainfed plots remained without irrigation throughout the entire period of this study. At the irrigated plots, irrigation was applied whenever the soil matric potential at 20-cm depth was lower than -30 kPa and water was supplied until the soil matric potential increased to 0 kPa. Before planting, manure was applied to the soils at the rate of 6.25 t ha -1 , and the soil pH was adjusted to 6.5-7.5 by adding lime as recommended by Watson and Brown (1998) . Manual weeding was practiced after one and two months from planting and chemical fertilizer (15-7-18 of N-P2O5-K2O) was applied at the rate of 0.3 t ha -1 according to Howeler (2003) . In addition, the field was monitored twice weekly, and no diseases and pest were found during the period of study. For diurnal photosynthesis studies, data were collected from plants after three months from planting (MAP). The aforementioned stage of growth was selected for the study of photosynthesis performance because near maximum vegetative growth and canopy development (leaf and stem growth) were achieved during this period (Alves 2002 , Edet et al. 2015 .
Diurnal photosynthetic gas exchange:
The effects of different environmental conditions in different seasons on diurnal photosynthesis performance of cassava were investigated in 3-month-old plants during three seasons. The measurements during the rainy, cool, and hot seasons were performed on June, November, and December planted plants, respectively. For each plant, diurnal photosynthesis performance was investigated on the upper, middle, and lower canopy leaf position. The main stem of the plant was vertically divided into three equal sections. The upper, middle, and lower canopy leaf was defined as the one located in the middle of the top, middle, and lower stem section, respectively. Diurnal photosynthetic gas exchange was measured using a portable photosynthesis system (LI-COR 6400XT, LI-COR, Lincoln, Nebraska, USA) in a standard 2 × 3 cm leaf chamber (6400-08 clear chamber bottom) with ambient CO2 concentration (373-428 µmol mol -1 ) under natural light intensity with ambient air temperature. The measurements were made at 2-h intervals from 05.00-19.00 h on two sunny days (rainy season: 28 September and 2 October 2015, cool season: 24 and 26 February 2016, hot season: 3 and 5 April 2016) from two randomly selected plants, each from the irrigated and rainfed plots. For each time point, the measurement was done at the irrigated plot first followed by the rainfed plot with less than 10-min time lapse. Measurements were done at the central lobe of fully expanded leaves in upper, middle, and lower canopy of the main stem. The recorded photosynthetic parameters included PN, gs, intercellular CO2 concentration (Ci), PAR, RH, air temperature (Tair), and ambient CO2 concentration (Ca).
Chl fluorescence: Diurnal ChlF was measured on the same leaf used to measure diurnal photosynthetic gas exchange. ChlF was performed first immediately after gas-exchange measurement with less than 3-min time lapse. The instrument used was a portable pulse amplitude modulated photosynthesis yield analyzer (Mini-PAM, Heinz Walz, Effeltrich, Germany). Measurements for determination of the minimal fluorescence yield of the dark-adapted state (F0) and maximal fluorescence yield of the dark-adapted state (Fm) were performed at predawn (5:00 h) and at night (19:00 h). Variable fluorescence (Fv) in the dark-adapted state was calculated as: Fv = Fm − F0 and the maximal quantum efficiency of PSII photochemistry was calculated using the formula: maximal quantum yield of PSII photochemistry (Fv/Fm) = (Fm − F0)/Fm. Steadystate fluorescence in the light-adapted state (Fs) and the maximal fluorescence yield of the light-adapted state (Fm') were measured during the day every two hours between 7:00-17:00 h. The effective quantum yield of PSII photochemistry (ФPSII) and nonphotochemical quenching (NPQ) were determined as: Ф PSII = (Fm' − Fs)/Fm' and NPQ = (Fm/Fm') − 1 (Genty et al. 1989 , Kalaji et al. 2014 . The electron transport rate (ETR) was calculated as: ETR = ФPSII × I × f × αleaf, where I is the incident photon flux density [µmol(photon) m -2 s -1 ], f = 0.5 is the factor that accounts for the partitioning of energy between PSII and PSI, and αleaf is the leaf absorptance. A value of 0.84 was used for αleaf, regardless of possible inherent anatomical, biochemical, and physiological differences between leaves of different canopy levels. Light absorptance might be affected by leaf mesophyll characteristics (Li and Chen 2009) .
Data analysis:
A correlation between PN and environmental factors (Pearson´s correlation coefficient) was evaluated using a MSTAT-C Version 1.42 program (Freed and Nissen 1992) . All statistical analyses were carried out following the procedure described by Gomez and Gomez (1984) and the SPSS version 19 software package (SPSS Inc., Chicago, IL, USA).
Results
Climatic data of the study site: Total precipitation during the rainy (June-October 2015), cool (November 2015 -February 2016 , and hot (March-May 2016) seasons were 702.2, 20.2, and 152 mm, respectively. The maximum RH values during the rainy, cool, and hot seasons were 92.8, 82.0, and 83.9%, respectively. At predawn, the RH was higher than 90% throughout the growing season and minimum RH (occurring around 14:00-15:00 h) varied considerably in different seasons (Fig. 1) . The average monthly temperatures during the rainy, cool, and hot months were 28.0, 25.5, and 31.1°C, respectively. The maximum temperatures were similar during the rainy (39.7°C) and cool (38.7°C) seasons but were considerably higher in the hot season (43.9°C). The coldest night temperatures were recorded in January 2016 (9.2°C) and February 2016 (8.9°C).
The average soil matric potential at the irrigated plots ranged between -3.44 (May 2016) to -16.03 (November 2015) kPa, indicating good water supply throughout the growing season. The rainfed plots, on the other hand, experienced lower available water expressing the soil matric potentials between -39.85 to -88.51 kPa during January-May 2016. The monthly average soil matric potentials in the irrigated and rainfed plots at the 20-cm soil depth are shown in Fig. 1S . The average soil matric potential in the irrigated plots during the rainy, cool, and hot seasons were -11.9, -14.2, and -11.3 kPa, respectively, and in the rainfed plots during the rainy, cool, and hot seasons were -7.2, -32.6, and -76.0 kPa, respectively.
Climatic data on the days of measurement of photosynthesis in the irrigated and rainfed field conditions in different seasons: PAR varied among seasons, it was low in the early morning, increasing with time, and reaching a maximum at noon, thereafter PAR continuously decreased. The diurnal average PAR from the two-day investigations in each season is depicted in Fig. 2 ; it shows the maximum PARs during the rainy, cool, and hot seasons of 2,043; 1,753; and 2,060 µmol(photon) m -2 s -1 , respectively (Fig. 2) . PAR during rainy season considerably fluctuated due to cloud cover.
The average soil matric potentials were -7.0, -18.9, and -12.4 kPa at the irrigated fields during the rainy, cool, and hot seasons, respectively, whereas those in the rainfed were -22.8, -52.3, and -90.7 kPa, respectively (Table 1S -supplement). Average RH in the irrigated field during the rainy, cool, and hot seasons were 83.0, 53.0, and 56.1%, respectively, whereas those in the rainfed fields were 90.3, 46.5, and 43.4%, respectively (Table 1S ). The average temperatures in the irrigated plots during the rainy, cool, and hot seasons were 27.8, 24.7, and 25.8°C, respectively, whereas those in the rainfed conditions were 28.1, 24.5, and 31.9°C, respectively. The maximum and minimum temperatures in the rainfed plots during the hot and cool season were 40.5 and 18.3°C, respectively (Table 1S) .
Diurnal changes of photosynthetic parameters:
In the rainy season, diurnal photosynthesis and environmental parameters during the two typical sunny days of photosynthesis measurements are presented in Figs. 3, 4. The PAR, Tair, and VPD were increasing from the early morning to reach the maximum at 13:00 h and then decreasing thereafter, whereas RH changes occurred in the opposite direction ( Fig. 3A-H) . PN was negative at predawn, increased sharply (for upper canopy leaves) and slightly (for middle and lower canopy leaves) in the morning, and reached a maximum at about 13:00 h, then abruptly decreased in the afternoon and exhibited negative values at 19:00 h. The maximum PN for the upper, middle, and lower canopy leaves of plants growing under irrigation were 28.7, 16.2, and 8.6 µmol(CO2) m -2 s -1
, respectively, corresponding to the respective maximum PAR at the leaf surface of 1,690; 1,042; and 422 μmol(photon) m -2 s -1 (Fig. 4A) . Under rainfed conditions, the patterns of changes in PAR, air temperature, and RH were more or less similar to those in the irrigated fields.
The maximum PN for the upper canopy leaves of plants growing under rainfed conditions was 17.8 µmol(CO2) m -2 s -1 at 13:00 h under the PAR level of 1,132 μmol(photon) m -2 s -1 (Fig. 4B ). The PN of the middle and lower canopy leaves, on the other hand, reached the maximum as early as 9:00 h [10.5 and 8.3 µmol(CO2) m -2 s -1 under the PAR levels of 495 and 383 μmol(photon) m -2 s -1 , respectively]. The average diurnal gs of cassava plants was 0.5 mol(H2O) (Fig. 4C,D) . The diurnal changes in Ci (Fig. 4E,F In the cool season, maximum Tair, VPD, and minimum RH were reached at 13:00 h in both irrigated and rainfed plots (but the irrigated plot had maximum VPD at 15:00 h) ( Fig. 3K-P) . However, maximum PAR was reached at 13:00 h in the irrigated field, while at 11:00 h in the rainfed plots (Fig. 4I,J) . The patterns of changes in PN were similar to those in the rainy season, except that the maximum PN were reached at 11:00, 13:00 or 15:00 h depending on leaf positions. The maximum PN of the upper canopy leaves of plants grown under irrigation was 26.9 µmol(CO2) m -2 s -1 at 11:00 h nder the PAR of 1,561 μmol(photon) m -2 s -1 . The middle and lower canopy leaves performed maximum PN at 13:00 h [25.4 and 11.8 µmol(CO2) m -2 s -1 , respectively, Fig. 4G ] with light intensity at 949 and 538 μmol(photon) m -2 s -1 , respectively (Fig. 3I ). In the rainfed conditions, maximum PN for the upper and middle canopy leaves [20.7 and 21.3 µmol(CO 2) m -2 s -1 , respectively, Fig. 4H ] were recorded at 11:00 h at PAR of 1,563 and 1,448 μmol(photon) m -2 s -1 (Fig. 3J) , respectively. The lower canopy leaves showed the maximum PN at 15:00 h [13.7 µmol(CO2) m -2 s -1 , Fig. 4H ] when they received the light intensity of 710.5 μmol(photon) m -2 s -1 (Fig 3J) . The maximum gs occurred at 09:00 h [0.7 and 0.5 mol(H2O) m -2 s -1 for irrigated and rainfed plots, respectively] at upper canopy leaves, and decreased thereafter (Fig. 4I,J) . The diurnal changes in Ci (Fig. 4K,L) were in the opposite direction to those of PN. Moreover, Ci values in the cool season tended to be lower than those in the rainy season with the lowest Ci of 224.2 and 186.1 µmol(CO2) mol -1 for the upper canopy leaves of the irrigated and rainfed plants, respectively.
In the hot season, higher temperature, VPD, and lower RH were more apparent in the hot than that in the rainy and cool seasons. Maximum temperature (43.0 o C in the rainfed field) and minimum RH (25.4% in the rainfed field) were recorded at 13:00 h (Fig. 3S-X) . The upper canopy leaves showed maximum PN of 25.1 and 22.2 µmol(CO2) m -2 s -1 for irrigated and rainfed conditions as early as 9:00 h, respectively (Fig. 4M,N) , when they received the PAR of 1,150 and 1,032 μmol(photon) m -2 s -1 (Fig. 3Q,R) . Although the upper canopy leaves received higher PAR later on during the day [1,775 and 1,852 μmol(photon) m -2 s -1 at 13.00 h for the irrigated and rainfed plots, respectively], their photosynthesis decreased. The middle and lower canopy leaves of the irrigated plants showed maximum PN at 11:00 h of 12.1 and 6.0 µmol(CO2) m -2 s -1 (Fig. 4M ), while they were exposed to PAR of 1,524 and 625 μmol(photon) m -2 s -1 (Fig. 3Q) . The middle canopy leaves of the rainfed plants achieved maximum PN at 11:00 h, i.e., 13.8 µmol(CO2) m -2 s -1 (Fig. 4N ) at PAR level of 1,579 μmol(photon) m -2 s -1 (Fig. 3R) , while the lower canopy leaves attained the maximum PN at 9:00 and 11:00 h [4.20 and 4.10 µmol(CO2) m -2 s -1 at PAR of 440 and 522 μmol(photon) m -2 s -1 ]. The maximum gs appeared at 09:00 h [0.5 and 0.3 mol(H2O) m -2 s -1 for the upper canopy leaves in the irrigated and rainfed plots, respectively], and decreased thereafter (Fig. 4I,J) . The diurnal changes in Ci (Fig. 4Q,R) were in the opposite direction to those in PN, and Ci in the hot season tended to be lower than those in the rainy and cool seasons with the lowest Ci of 175.9 and 175.4 µmol(CO2) mol -1 for the upper canopy leaves of the irrigated and rainfed plants, respectively.
Correlation and path analysis of photosynthesis and environmental factors: In the rainy season, correlations between environmental factors and PN of the upper canopy leaves of plants grown under both water regimes showed that PAR, Tair, and VPD had highly significant effects on PN (Table 1) . However, for the middle canopy leaves, those environmental factors had significant effects only in the irrigated plants, i.e., PAR, Tair, and VPD, while the middle canopy leaves of the rainfed plants were influenced by PAR only. The PN of the lower canopy leaves grown under both water regimes was highly significantly correlated with PAR only. Direct path coefficient analyses showed that PAR, Tair, and VPD were the parameters with the same outcome as the results of the correlation in upper and middle canopy leaves. Path analysis showed that T air, VPD, and PAR were the three factors most strongly related to PN of the upper canopy leaves under both water regimes. For the middle canopy leaves under both water regimes, only PAR was the major factor influencing PN. Photosynthetic rates of the lower canopy leaves of the irrigated plants were influenced mostly by Tair followed by Ca and VPD, while PAR was the only determining factor for the rainfed plants.
In the cool season, only PAR had significant correlations with PN of the upper canopy leaves of plants grown under both water regimes ( Table 2) . PN of the middle canopy leaves of the irrigated plants were significantly correlated with PAR, RH, and Ca, while that of the rainfed plants was correlated with PAR only. For the lower canopy leaves of irrigated plants, PN were significantly correlated with PAR, RH, Ca, and Tair, while only PAR and Tair significantly influenced the rainfed plants. Direct path coefficient analyses for the irrigated plants showed that PAR was the most influential factor for photosynthesis of the upper canopy leaves, whereas PAR and RH were significant for the middle canopy leaves. On the other hand, Tair and VPD imposed the strongest effects on the lower canopy leaves. For the rainfed plants, Tair and VPD were the most important determining factors for the upper and middle canopy leaves, whereas RH and VPD had the strongest effects on the lower canopy leaves. When an indirect path coefficient analysis was carried out, very low coefficients were generally found for most factors.
In the hot season, PAR was the only parameter which had significant correlation with PN of cassava leaves under irrigated (upper canopy leaves) and rainfed (leaves on all three positions). In addition, Tair was the only parameter significantly correlated with the lower canopy leaves of the irrigated plants (Table 3) . Path coefficient analysis clearly showed that VPD was the primary determining factor with the highest coefficients determining PN of cassava leaves in the hot season regardless of the water regimes and leaf positions. The second most important parameters for the irrigated plants were RH for the upper and Tair for the middle and lower canopy leaves. For the rainfed plants, PAR, Tair, and RH were the second most important factors for the upper, middle and lower canopy leaves, respectively.
Diurnal changes in Chl fluorescence parameters:
The Fv/Fm measured in the dark at predawn (05:00 h) was higher than 0.8. During the day, between 7:00-13:00 h, ФPSII decreased with increasing light intensity and then recovered in the late afternoon. The Fv/Fm values measured in the dark at 19:00 h were generally as high as those measured at predawn. In contrast, ETR and NPQ was zero at predawn, increased with increasing light intensity, and then, in the late afternoon, decreased to reach zero at 19:00 h (Fig. 5) .
In the rainy season, the Fv/Fm values of the upper, middle, and lower canopy leaves under irrigated conditions were high and similar in the dark (at 5:00 h), i.e., 0.848, 0.856, and 0.861, respectively. Afterwards the ФPSII decreased with the increasing PAR. At 13:00 h, the Ф PSII values of the upper, middle, and lower canopy leaves fell to the minimum of 0.497, 0.513, and 0.657, respectively, and then were increasing during the late afternoon. The Fv/Fm values measured in the dark at 19:00 h were 0.84, 0.82, and 0.844 for the upper, middle, and lower canopy leaves, respectively (Fig. 5C ). In the rainfed conditions, the Fv/Fm values in the dark of the upper, middle, and lower canopy leaves were 0.809, 0.868, and 0.823, respectively. The minimum ФPSII occurred at 13:00 h for the upper canopy leaves (0.617) and at 9:00 h for the middle (0.723) and lower (0.710) canopy leaves (Fig. 5D) . The ETR and NPQ of the upper, middle, and lower canopy leaves were zero at predawn (5:00 h) and increased during the day in response to light intensity. The maximum ETR, at 13:00 h, were 245.0, 195.0, and 86.4 µmol(e -) m -2 s -1 for the upper, middle, and lower canopy leaves of the irrigated plants, respectively (Fig. 5E ), whereas the corresponding values for NPQ were 1.555, 1.632, and 0.814 (Fig. 5G) . For the rainfed plants, maximum ETR occurred at 9:00 h and were 141.3, 84.4, and 64.5 µmol(e -) m -2 s -1 for the upper, middle, and lower canopy leaves, respectively (Fig. 5F ).
The maximum NPQ for the upper and middle canopy leaves recorded at 13:00 h were 1.074 and 0.738, whereas that of the lower canopy leaves was 0.734 at 9:00 h (Fig. 5H) .
In the cool season, the Fv/Fm values of the upper, middle, and lower canopy leaves under irrigated conditions were 0.835, 0.850, and 0.861, respectively, at predawn (5:00 h).
The lowest values of ФPSII recorded at 13:00 h were 0.452, 0.458, and 0.538 for the upper, middle, and lower canopy leaves, respectively (Fig. 5K) . In the rainfed conditions, the Fv/Fm values in the dark of the upper, middle, and lower canopy leaves were 0.847, 0.860, and 0.866, respectively. The minimum values of ФPSII for the rainfed plants were 0.459 and 0.374 for the upper and middle canopy leaves, respectively, at 11:00 h, and 0.494 for the lower canopy leaves at 15:00 h (Fig. 5L) . The maximum ETR at 13:00 h were 210.0, 147.0, and 55.4 µmol(e -) m -2 s -1 for the upper, middle, and lower canopy leaves of the irrigated plants, respectively (Fig. 5M) , while the corresponding values for the rainfed plants were 156.3, 148.7, and 116.8 µmol(e - ) m -2 s -1 (Fig. 5N) . The maximum NPQ (at 13:00 h) for the upper, middle, and lower canopy leaves of the irrigated plants were 1.336, 1.394, and 1.254, respectively (Fig. 5O) . For the rainfed plants, the maximum NPQ for the upper (1.318) and middle (1.380) canopy leaves were recorded at 11:00 h while that of the lower canopy leaves (1.318) occurred at 15:00 h (Fig. 5P) .
In the hot season, the Fv/Fm values at predawn of the upper, middle, and lower canopy leaves under irrigated conditions were 0.853, 0.850, and 0.861, respectively, while those of the rainfed plants were 0.855, 0.854, and 0.848 (Fig. 5S,T) . The lowest values of ФPSII were 0.352, 0.348, and 0.425 at 13:00 h for the upper, middle, and lower canopy leaves of the irrigated plants, respectively (Fig. 5S) . For the rainfed plants, the ФPSII of the upper canopy leaves reached the minimum of 0.427 at 15:00, while the lowest values for the middle and lower canopy leaves were 0.284 and 0.233 at 13:00 h (Fig. 5T) . At night (19:00), the for upper, middle, and lower canopy leaves, respectively (Fig. 5U) . ] was recorded earlier at 9:00 h (Fig. 5V) . Under irrigation, the maximum NPQ for the upper, middle, and lower canopy leaves were 2.089, 2.193, and 1.747, respectively, which were recorded at 13:00 h (Fig. 5W) . For the rainfed plants, the maximum NPQ of the middle (2.018) and lower (2.449) leaves also occurred at 13:00 h but that of the upper canopy leaves (2.392) was shown at 15:00 h (Fig. 5X) .
Discussion
Diurnal changes in PN of cassava 'RY9' were closely related to changes in environmental conditions which varied in different seasons. In the rainy and cool seasons, diurnal pattern of PN generally paralleled closely the pattern of changes in PAR during the day and exhibited a bell-shaped response curve reaching the maximum PN between 11:00-13:00 h. However, diurnal response of PN in the hot season showed a prominent peak very early at 9:00 h and continuously decreased thereafter. Patterns of diurnal PN in cassava, similar to our observation in the rainy and cool season, were also reported (Rosenthal et al. 2012 , Song et al. 2014 . Moreover, Shirke and Pathre (2003) also reported that diurnal changes in PN of Prosopis juliflora paralleled PAR most closely during spring when the environmental conditions were relatively mild. Generally, photosynthetic rates were higher in the morning than that in the afternoon and the effect was more pronounced in the cool/dry season than that in the wet season (Eamus and Cole 1997 , Shirke and Pather 2003 , Koyama and Takemoto 2014 . Leaf temperature of Acacia and Eucalyptus tetrodonta is generally higher in the afternoon than in the morning Cole 1997, Prior et al. 1997a ) as a result of both reduced gs and transpirational cooling and warming of the ground beneath crop canopy (Fordyce et al. 1997 , Prior et al. 1997a , 1997b . Higher leaf temperature (42°C) in the afternoon, particularly in the hot climate, causes a reduction in photosynthesis due to lower gs and Ci as well as enhanced oxidative stress in poplar (Populus simonii) (Song et al. 2014) . In this study, leaf temperature also reached 42-43°C at around 13:00 h in the hot season (data not shown). Moreover, VPD is larger in the dry season than that in the wet season and larger in the afternoon than that in the morning , thus increased VPD in the afternoon and in the dry season reduces gs and hence photosynthetic rate Cole 1997, Myers et al. 1997) .
The conditions in the rainy season were the most favorable with high RH, mild Tair, and high soil moisture with VPD lower than 2 kPa throughout the day causing relatively high g s. Therefore, the pattern of diurnal changes in PN paralleled closely that of PAR achieving the maximum PN at 13:00 h for both irrigated and rainfed plants. In a previous study, diurnal photosynthesis of cassava was measured in an Experimental Research Station in Urbana, Illinois during midsummer (JuneAugust) where the precipitation was 428 mm, maximum daily temperature of 30 o C, and daily mean solar radiation of 26.35 MJ m -2 or 696.85 μmol(photon) m -2 s -1 (more or less similar to rainy season in this study). The 3-monthold cassava plants had maximum PN comparable to our study which also occurred around 13:00 h (Rosenthal et al. 2012) . Correlation and path coefficient analysis (Table 1) revealed that the main factors, which influenced PN in the rainy season, were PAR, Tair, and VPD for upper canopy leaves which were fully exposed to outside environment (high temperature, high VPD). However, PN of the middle canopy leaves was influenced by PAR only (Table 1) due to more favorable microenvironment (lower temperature and higher humidity inside canopy). Path coefficient analysis showed that the factors, which influenced PN for irrigated crop, also determined PN of rainfed plants, the most influential factor being the PAR (for all three leaf levels) and VPD (for upper canopy leaves). Variations in solar radiation are one of the main causes for seasonal variations in photosynthesis of several woody plant species (Hasler and Avissar 2007 , Bonal et al. 2008 , Renninger et al. 2010 .
Environmental conditions during the cool season were less favorable than that during the rainy season due to low rainfall (Fig. 1) , lower Tair, lower RH, and higher VPD (Fig. 3) , and low soil moisture (Fig. 1S -supplement) . The patterns of changes in PN, however, were similar to those in the rainy season, except that the maximum PN were reached at 11:00 or 13:00 h depending on the leaf position. PN increases linearly with PAR reaching maximum at 11:00 h, but at 13:00 h, when RH plunged below 30% and air temperature increased to 35 o C, PN slightly decreased even though PAR still increased. Low RH in the cool season resulted in higher VPD, particularly in the rainfed field, which in turn induced a reduction in gs. A decline in gs on exposure to low RH or high VPD was observed in cassava with virtually no changes in leaf water potential, hence protecting the leaves from dehydration while remaining photosynthetically active (El-Sharkawy and Cock 1990 , El-Sharkawy 2004 , 2007 . The main environmental factor determining PN of the upper canopy leaves of irrigated plants was PAR whereas those for the rainfed plants included Tair and VPD due to the lower RH and hence, higher VPD in the rainfed field. Even though plants in the irrigated and rainfed plots received comparable levels of PAR, much lower PN of the rainfed plants, particularly in the afternoon, was also due to lower soil moisture.
Climate in the hot season was the most stressful, exhibiting maximum Tair of 42.5°C for the irrigated and 43.0°C for the rainfed field at 13:00 h, and lowest RH of around 25-27% during the afternoon hours. This resulted in the highest VPD of 5.7 and 6.1 kPa in the irrigated and rainfed field, respectively. The rainfed field also had very low soil matric potential of -90.7 kPa. The striking difference in photosynthesis in the hot compared to that in the rainy and cool seasons is that maximum P N [25. ]. Patterns of change in PN followed closely that of gs which attained the maximum [0.5 and 0.3 mol(H2O) m -2 s -1 for irrigated and rainfed plots, respectively] at 9:00 h, thereafter the values decreased down to a minimum of 0.1 mol(H2O) m -2 s -1 suggesting continuous stomatal closure. While PAR was the most important primary determinant of diurnal PN in the rainy and cool seasons, path analysis showed that VPD was clearly the most influential factor determining PN in the hot season combining with the effects of Tair, RH, and PAR (Table 3) . Moreover, the lower PN of rainfed compared with the irrigated plants in the hot season was also influenced by low soil water potential.
The striking difference in diurnal response of PN between the rainy season and hot season supported the notion that plants of Euphorbiaceae endure environmental stress, due to hot-dry air and water deficit stress, via a strict stomatal control as demonstrated in Jatropha curcas (Díaz-López et al. 2012 , Sapeta et al. 2013 , Ricinus communis (Sausen and Rosa 2010) , and Manihot esculenta (El-Sharkawy et al. 1992 , De Tafur et al. 1997 , El-Sharkawy 2007 , 2016 . In the hot season, gs attained the maximum as early as 9:00 h when the VPD was close to 3.0 kPa, thereafter it decreased corresponding to increasing VPD which peaked at 13:00 h and remained higher than 3.0 kPa throughout the afternoon. The strong stomatal response to changes in VPD in cassava is an important stress-avoidance mechanism for crops that have to endure a long dry period (El-Sharkawy 1990 , El-Sharkarwy 2004 , El-Sharkawy 2012 , McAdam and Brodribb 2015 , Merilo et al. 2018 (Björkman and Demmig 1987, Bolhàr-Nordenkampf et al. 1989) . In this study, there were no differences in Fv/Fm measured in the dark before dawn (5:00 h) and at night (19:00 h) and both values were greater than 0.8, irrespective of seasons and water regimes. This indicated that cassava plants growing in this climate had an efficient photoprotection mechanism and did not suffer from chronic photodamage even during the hot season under rainfed conditions. Cassava plants have developed diverse photoprotection mechanisms, such as minimizing light absorption by leaf drooping (El-Sharkawy 2007) and dissipation of excess excitation energy as heat through NPQ (Calatayud et al. 2000 , De Souza et al. 2017 . Efficiency of energy utilization by a leaf is reflected by ΦPSII which is the proportion of the light energy absorbed by Chl associated with PSII that is used in photochemistry at different photon flux density, hence indicates the operating quantum efficiency of PSII electron transport (Maxwell and Johnson 2000, Murchie and Lawson 2013) . Generally, Φ PSII was high in the early morning (7:00 h), then decreased in parallel with increasing PAR, and reached a minimum mostly at 13:00 h. The highest minimum efficiency was recorded in the rainy followed by the cool and hot seasons. This decrease in ФPSII with increasing PAR occurred as a greater fraction of PSII reaction centers become ''closed'' (photoreduced) under higher light and were thus unable to use the absorbed light for photochemistry (Baker 2008, Maxwell and Johnson 2000) . In the afternoon, ΦPSII showed increasing trend with decreasing PAR and reached similar early morning (7:00 h) values at 17:00 h (around 0.7) only in the rainy season. Cassava leaves in the cool and hot season were less efficient in recovering the PSII photochemical efficiency and exhibited ΦPSII values (at 17:00 h) around 0.6. This indicated that the interactions of irradiance and other environmental parameters such as temperature and VPD determined the efficiency of PSII photochemistry.
Typically, the diurnal curves of NPQ were parallel to the curves of PAR but changed in a reverse direction to that of ФPSII. When the efficiency of light utilization in photochemistry was low, NPQ processes were operating to dissipate excess absorbed energy as heat to protect PSII from photodamage caused by energized triplet excited state chlorophyll (Müller 2001) . In this study, the NPQ curves showed marked differences between seasons. In the hot season, the maximum NPQ exhibited by cassava leaves in both irrigated and rainfed conditions were markedly greater than those in the rainy and cool seasons. The diurnal curves of ETR, in the rainy and cool seasons, were similar and parallel to the curves for PAR and PN, and generally showed concomitant peaks. Direct relationship between electron transport and PN indicated that the majority of the reductants generated from electron transport were consumed by CO2 assimilation and other electron sinks were minimal (Edwards and Baker 1993) . However, under more stressful conditions in the hot season, PN peaked at 9:00 h after which ETR still increased to attain the maximum at 11:00 h for the irrigated and at 13:00 h for the rainfed conditions. This indicated that during the afternoon in the stressful hot season higher proportion of reductants generated from electron transport were allocated to alternative sinks. Similar increase in the ratio of electron transport to CO2 assimilation under stresses was also observed in Jatropha curcas under drought stress (Sapeta et al. 2013) and maize under cold stress (Fryer et al. 1998) . The proposed alternative electron sinks under stressful conditions included nitrogen metabolism, O2 reduction via photorespiration, the Mehler reaction, transport of reductants to mitochondria via malate, and cyclic electron flow via PGR5/PGPR1 proteins (Alric and Johnson 2017) . The diversion of reductants from CO2 assimilation to alternative electron sinks during stresses, which impose restriction to photosynthetic carbon assimilation, could be a mechanism for preventing photodamage to the photosynthetic apparatus that operates in conjunction with NPQ (Peltier et al. 2010) .
The differences in diurnal photosynthesis parameters between the three leaf positions were determined by multiple environmental factors. Plant canopies are characterized by major reductions in light availability from canopy top to bottom (Hikosaka 2005 , Kitajima et al. 2005 . The P N values decreased, while Ci increased, from upper to the lower canopy leaves indicating both shade and age effects. The higher Ci and lower PN in lower canopy leaves were previously observed in 15 cassava cultivars (El-Sharkawy and de Tafur 2007) and has been attributed to nonstomatal limitations including decreased Rubisco amounts and activities related to age effects as also shown in other species, such as rice (Makino et al. 1983 , Suzuki et al. 2009 ), grape vine (Bertamini and Nedunchezhian 2002) , and pine (Warren and Adams 2001) . The PN of the sun-exposed upper canopy leaves was mainly influenced by PAR in all three seasons. In contrast, VPD and Tair rather than PAR became the determining factors in the cool, and VPD was the most prominent factor in the hot season. The extremely low PN of the lower canopy leaves in the hot season was associated with the highest VPD caused by low RH, high Tair as well as the influence from heat radiated from the hot soil. Soil temperature could be influential on plant growth, and photosynthesis of rice was reduced when soil temperature increased from 30-40 o C (Sanoh et al. 2010) . Whole canopy photosynthesis is determined not only by environmental factors but also photosynthesis capacity of leaves at different canopy levels. Photosynthesis at each canopy level is dependent upon canopy size and architecture which in turn determines microenvironment of the leaves, particularly light penetration. It has been suggested that yield of cassava can be improved by increasing PAR interception efficiency (primarily by optimizing LAI) and PAR conversion efficiency (mainly by increasing seasonal net photosynthetic rates) (El-Sharkawy 2004 , Lahai 2013 , De Souza et al. 2017 . It can be concluded from this study that photosynthesis performance of cassava 'RY9', on sunny days, was comparable in the rainy and cool season, and slightly greater than that in the hot season. Growing under rainfed condition, it can tolerate high temperature, low air humidity and low soil water potential imposed during the whole afternoon in the hot season, and still maintained good health as indicated by high Fv/Fm values at night. Moreover, the tight control of cassava stomata, via responses to changes in air humidity and soil water, and leaf movement in response to solar irradiance (heliotropism and paraheliotropism), as reported previously protect leaf photosynthetic apparatus from dehydration and photoinhibition.
